N and O isotope systematics of a suite of high-pressure (HP) and ultrahigh-pressure (UHP) metasediments of the Schistes Lustrés nappe and metaperidotites of the Erro Tobbio Massif from the Alpine-Appennine system are compared with their unmetamorphosed or hydrothermally-altered equivalent from the same localities and from the South West Indian Ridge (SWIR). The HP and UHP rocks studied represent a sequence of pelagic sediments and altered ultramafic rocks subducted to different depths of down to 90 km along a cold geothermal gradient (8 C=km 18 O systematics suggests the involvement of a mafic (crustal) component during partial deserpentinization of the subducted oceanic mantle at the depth locus of island arc magmatism. This does not imply large-scale fluxes as the metagabbros are spatially associated with the analyzed serpentinites. It rather indicates preservation of presubduction chemical and isotopic heterogeneities on a local scale as documented for the metasediments.
Introduction
Fluids released during subduction of oceanic lithosphere recycle crustal components into the overlying mantle wedge and are ultimately involved in the production of arc magmas. They transfer a characteristic geochemical signature to arc volcanism that can be used to trace mass transfer through subduction processes. Most studies have concentrated on identifying the source of volatile elements in subducting slabs and evaluating the efficiency of volatile recycling in subduction through the use of isotope and gas chemistry of island arc magmas (Fischer et al., 2002; Zimmer et al., 2004) . Data on stable N and C isotopes suggest that most of the carbon is transferred to the mantle (Shaw et al., 2003; Synder et al., 2001) , whereas N is largely returned back to the surface via volcanic degassing (Fischer et al., 2002) . Another way to document more directly the source and behavior of volatiles in subduction zones is to study oceanic material that has been subducted to different depths. Metasediments and serpentinites are the two main carriers of volatiles at convergent margins. Although the understanding of high-pressures phase relations in pelitic systems and hydrous ultramafites has considerably been improved (Poli and Schmidt, 2002; Pawley and Holloway, 1993; Ulmer and Trommsdorff, 1999; Hermann and Green, 2001 ), knowledge about their volatile and mobile element fingerprints (e.g. B, Li, Cl, N) at high and ultrahigh pressures is still incomplete. An inventory of such tracers is available for mafic rocks and metasediments subducted along warm geothermal gradients (Moran et al., 1992; Bebout and Fogel, 1992; Mingram and Bra€ u uer, 2001) . Recently, Busigny et al. (2003a) showed that the contents of fluid-mobile elements such as N, K, Rb and Cs of metasediments subducted in a cold slab environment remain unaffected by devolatilization and that N is effectively transported down to at least 100 km depths. This is in agreement with experimental data on calcareous metapelites (Domanik and Holloway, 2000) showing that phengite, the main carrier of N, is stable up to 9 GPa for a geothermal gradient of about 8
C=km. The interpretation that nitrogen can be deeply recycled to the mantle is also supported by the occurrence of high concentrations of nitrogen (up to 11,000 ppm) in UHP metamorphic diamonds (P>4 GPa; Cartigny et al., 2001) , which contrasts with the interpretation that N can be efficiently recycled in arc lavas associated with hot slab environment (Fisher et al., 2002) .
Many studies have highlighted the central role of serpentinites as sources of volatiles in subduction zones (Scambelluri and Philippot, 2001; Scambelluri et al., 2004; Sharp and Barnes, 2004; Straub and Layne, 2003) , yet to date no study has identified serpentinites as a source of N in the genesis of island arc magmas. In the present paper, we investigate the nitrogen contents and N isotope composition of a suite of ultramafic rocks from the Alpine Erro Tobbio complex, which has experienced oceanic hydrothermal alteration and subduction zone metamorphism up to ultra-high pressure conditions (2.5 GPa and 650 C; Busigny, 2004) . In order to provide a reference frame to the results obtained on these metamorphic rocks, serpentinites from the South West Indian Ridge were also analyzed. The results are compared with previous oxygen isotope systematics on the same set of samples (Fr€ u uh-Green et al., 2001) and with N isotope systematics on associated mafic rocks and metasediments from the Schistes Lustrés nappe (Busigny et al., 2003a) . The data presented represent the first inventory of N behavior in a typical oceanic lithosphere subducted along a 'cold' geothermal gradient (8 C=km), representative of most current subduction zones.
Samples and analytical technique
The volatile and mobile elements in the oceanic mantle and in metasediments were analyzed in sample suites from the Alpine-Apennine system. The Alpine-Apennine ophiolites are important natural observatories for the progressive subduction of variably altered oceanic lithosphere and can be used as monitors of deep fluid and element loss into the Earth's mantle (Philippot and Selverstone, 1991; Philippot, 1993; Barnicoat and Cartwright, 1995; Scambelluri et al., 1997; Fr€ u uh-Green et al., 2001; Scambelluri and Philippot, 2001) . The selected ultramafic rocks record key evolutionary stages of (1) hydration of the oceanic mantle, (2) fluid release during partial dehydration of serpentine (olivine-in reaction) and formation of highpressure metamorphic veins. Detailed sample descriptions and the relevant bibliographic information are reported in Scambelluri et al. (2004) and in Busigny (2004) and are only summarized below.
Ultramafics
The sample set selected is from the Erro Tobbio Complex of the Ligurian Alps. The rocks studied show a variety of equilibration stages from shallow alteration in an oceanic environment up to eclogite facies conditions . The early stage of serpentinization occurred at T<300 C and P<0.25 GPa, as indicated by stable chrysotile. High pressure antigorite serpentinites formed at increasing P-T conditions up to 2.5 GPa and 650 C, which was contemporaneous with eclogitization of associated mafic rocks (Messiga et al., 1995) . The antigorite serpentinites display overgrowth of pre-subduction chrysotile assemblages by eclogite-facies olivine þ antigorite þ Ti-clinohumite þ chlorite þ diopside, formed after partial dehydration of the precursor serpentinite (olivine-in reaction). Presence of a fluid phase is documented by olivine-veins (olivine þ Ti-clinohumite þ chlorite þ diopside AE antigorite; Scambelluri et al., 1997) . To study the N content and stable isotope systematics during oceanic serpentinization and HP metamorphism and veining, the analytical work was performed on a cross section including low-strain peridotites displaying variable oceanic serpentinization and high-pressure serpentinite mylonites and veins. Samples analyzed here are from the study of their figure 1 ). These comprise three low strain serpentinized peridotites (ETF1, ETF2, ETF3) and three HP mylonitic serpentinites (ETF4, ETF6, ETF7). One HP vein (ET0903-V) composed of olivine, Ti-clinohumite and antigorite and its host rock (ET0903-WR) serpentinite have been also analyzed (Busigny, 2004) . In addition, three oceanic serpentinites from the South West Indian Ridge (SWIR) have been analyzed to provide an independent estimate of the N budget in a present day environment. These are DR23-2-1, DR23-2-8 and DR23-3-5 (see Decitre et al., 2002 for a detailed petrological and major and trace element analysis). All samples are undeformed spinel lherzolite showing different Oxygen and nitrogen isotopes as tracers of fluid activities 13 degrees of serpentinization (from 67 to 82%) and preserving relics of mantle olivine, orthopyroxyne, clinopyroxene and spinel.
(Meta)sediments
The pelitic rocks sampled include unmetamorphosed oceanic sediments from the Apennines and their high and ultrahigh pressure counterparts of the western Alps. The (meta)sediments studied are from the Lavagna Unit in the Internal Liguride zone (northern Apennine) and the Schistes Lustrés nappe from the Penninic zone (western Alps; Busigny et al., 2003a) . These rocks represent pelagic sediments equilibrated under increasing P-T conditions along a cold subduction path. The sediments from the Lavagna Unit consist of unmetamorphosed mid Jurassic to late Cretaceous radiolarian chert, Calpionella-limestone and Palombini-shale which experienced diagenesis at P<0.17 GPa and T<300 C (Reinhardt, 1991) . Samples contain variable proportions of calcite, clay minerals and quartz. Calc-schists from the Schistes Lustrés nappe consist of quartz, phengite, paragonite and carbonate, subordinate chlorite, rutile and graphite. The rock suite equilibrated at increasing P-T conditions as attested by the presence of lawsonite and carpholite (Lago Nero and Fraiteve), chloritoid (Colle di Assietta), garnet (Colle delle Finestre) and coesite (Lago di Cignana). P-T estimates include: Lago Nero (T ¼ 300 C and P 0.8 GPa; Martin and Polino, 1984) , 2) Fraiteve (T ¼ 350 C and P 1.5 GPa; Agard et al., 2001) , Colle di Assietta (T ¼ 400 C and P 1.8 GPa), Colle delle Finestre (T ¼ 450 C and P<2.0 GPa) and Lago di Cignana (T ¼ 650 C and P 3.0 GPa; Reinecke, 1991).
Analytical techniques
The nitrogen contents and the stable nitrogen isotope compositions were measured using the sealed tube combustion technique coupled with static mass spectrometry (Boyd et al., 1994; Ader et al., 2006; Busigny et al., 2005) . In a companion paper, it was shown that this technique provides accurate and reproducible results for analyses of rock samples with N contents as low as 2 ppm (Busigny et al., 2005) . The whole-rock samples were ground to thin powders and homogenized. Nitrogen was extracted from sample powders during a combustion step in quartz tubes sealed under vacuum. Nitrogen was purified and separated from other volatiles (mainly H 2 O) using CaO, Cu and CuO. The sealed tubes were loaded into a vacuum line and opened with a tube cracker. Nitrogen was purified and quantified as dinitrogen N 2 by capacitance manometry with a precision better than 8% (2). The amount of extracted N ranged between 30 and 300 nmol in sedimentary rocks and between 4 and 17 nmol in the ultramafics. The gas was then analyzed for its nitrogen isotope composition using a triple-collector static mass spectrometer. Busigny et al., 2005) .
In order to test any potential effect of the serpentinization process on the N behavior, it is important to compare N content and isotopic composition to a sepentinization index like water content. While water contents of SWIR ultramafic rocks have been determined previously (Decitre, 2000) , those of Erro-Tobbio rocks have been measured in the present study. Sample powders ($30 mg) were loaded in quartz tubes connected to a vacuum line. The powders were degassed during $12 hr at 150 C under vacuum. Water was extracted from OH-bearing minerals by fusion of the sample at 1200 C. Potential traces of hydrogen, as H 2 , were oxidized to water with CuO heating at 450 C. Water was purified from other gases (mainly CO 2 and N 2 ) on a variable-temperature trap at À145 C and then converted to H 2 passing through hot uranium (800 C; Bigeleisen et al., 1952) . The hydrogen was quantified manometrically using a Toepler pump and the water content was calculated assuming all the hydrogen was initially present as water in the rock. The analytical error for water content is estimated to be better than 0.1% (2).
Nitrogen content and isotope composition in the serpentinized oceanic mantle
Bulk rock nitrogen analyses of SWIR and Erro Tobbio ultramafic rocks are given in Tables 1 and 2 . Each sample has been analyzed at least twice in order to check analytical reproducibility. SWIR samples show nitrogen contents between 2.0 and 2.9 ppm and 15 N between þ6.3 and þ7.5ø. The nitrogen content of Erro Tobbio serpentinized peridotites ranges between 3.9 and 5.9 ppm, which is slightly higher than the nitrogen content of HP mylonitic serpentinites (1.4-2.8 ppm). With the exception of the HP vein ( 15 N ¼ 3.7ø), all Erro Tobbio samples show 15 N values between þ8.9 and þ15ø. Figure 1 shows that no correlation seems to exist between nitrogen content and 15 N of all analyzed Erro Tobbio and SWIR samples. Water contents of the ana- 2.0 6.9 9.6 Ã Weight corresponds to sample weight used for N isotope analysis. N (nmol) represents the amount of N detected by manometry, and N (ppm) and 15 N the N content and isotopic composition of samples after blank correction Ã Water content from Decitre (2000) Oxygen and nitrogen isotopes as tracers of fluid activitieslyzed SWIR samples were estimated between 9.6 and 13.7 wt%. Figure 2 shows that the SWIR samples display highly variable water content at relatively constant N concentration, indicating that N is unaffected by the degree of serpentinization. Erro Tobbio serpentinized peridotites and HP mylonitic serpentinites show a remarkable negative linear correlation characterized by decreasing nitrogen contents (Fig. 3) . The HP vein is significantly depleted in 15 N compared with its HP host rock. Figure 4 shows the bulk nitrogen contents versus 15 N values of the unmetamorphic and HP metasediments from the Lavagna and Schistes Lustrés nappes (data from Busigny et al., 2003a) . In these rocks, nitrogen occurs mainly as ammonium (NH 4 þ ) and is substituted for potassium in K-bearing minerals Analysis of individual phengite using FTIR spectrosocopy showed that ammonium is mainly in phengite and that its concentration is homogeneous on a sample scale but varies significantly between samples. Whole rock nitrogen contents vary over a range from about 100 to 1700 ppm (Busigny et al., 2003b) . This large variation recorded between samples is sedimentary in origin and reflects the proportion of K-bearing minerals in the protolith. Whole-rock 15 N values range between þ2.6 and þ4.8ø. As shown in Fig. 4 , the different rock types show the same range in 15 N values irrespective of their metamorphic grade and bulk nitrogen concentrations. Together with other geochemical evidence, such as the constant ratios of K, Rb, Cs and D (Busigny et al., 2003a) , these data indicate that 15 N values were unaffected by metamorphism and nitrogen was not released during subduction down to 90 km depth.
Nitrogen composition of subducted sediments

Discussion and conclusions
Figures 2 and 3 show that SWIR serpentinized peridotites display a slight increase in bulk nitrogen concentrations and relatively constant 15 N values despite a large variability in water content. Considering that the increase in nitrogen content in the most hydrated samples is real, this suggests that the nitrogen budget could be controlled by the serpentinization process. In contrast, the Erro Tobbio serpentinized peridotites and HP mylonitic serpentinites display a marked negative linear correlation between nitrogen and water contents at similar 15 N values. Dehydra- tion processes attending subduction are unlikely to explain this correlation as the HP mylonites show a significant enrichment in water compared to the low strain peridotites. We rather favor the idea that nitrogen loss from low strain serpentinized peridotites to HP mylonitic serpentinites can be due to deformation. Recognition that the HP vein contains the same nitrogen amount as the low-strain peridotite suggests that the nitrogen loss associated with mylonitization of the lowstrain serpentinized peridotites into the HP mylonites could be balanced by trapping of nitrogen in the HP veins. Alternatively, Fr€ u uh-Green et al. (2001) suggested that two fluid sources could be involved in the hydration processes of the Erro Tobbio peridotites. A typical oceanic fluid origin attending mid-oceanic ridge hydrothermal circulation and a dehydration=compaction-derived fluid released in the sedimentary accretionary wedge and driving secondary serpentinization in the forearc region. In this model, the first fluid source would be responsible for the increase of the nitrogen content of the serpentinites with the degree of hydration of the samples (SWIR samples). The origin and location of nitrogen in the serpentinites is unknown. It may be hypothesized that nitrogen resides in sealed voids and cracks produced during serpentinization as it has been proposed for NaCl derived from seawater (Sharp and Barnes, 2004) . The second fluid source originating in the accretionary wedge would have introduced metamorphic water into the deforming low-strain peridotite, which is now being further serpentinized. This fluid would be poor in nitrogen to the degree it is not derived from dehydrating metasedimentary phengite, which is the main nitrogen carrier (see below). By partly percolating the pre-existing hydrothermally-derived serpentinite, part of the N would be progressively leached out of the deforming HP mylonites and expelled into the local HP veins. Constraints on the potential role of externally-derived fluid sources during Erro Tobbio dewatering processes attending vein formation can be obtained by using isotope systematics and trace element characteristics of Erro Tobbio rocks and surrounding mafic and metasedimentary protoliths. In order to evaluate the possible source of nitrogen involved in vein formation during HP metamorphism, the isotopic composition of the studied SWIR and Erro Tobbio serpentinites are plotted together with that of metasedimentary rocks (Busigny et al., 2003a ) and ophiolitic Figure 5 shows that a fluid-derived contamination arising from either metasediments or metagabbros could account for the observed 15 N value of the HP vein. Figure 6 plots the oxygen isotope composition of the Erro Tobbio oceanic serpentinites, HP serpentines and veins together with associated eclogitic metagabbros of Fr€ u uh-Green et al. (2001) Henry et al. (1996) . The range of 18 O of the HP serpentinite veins is similar to that of surrounding metagabbros but very different from the HP metasediments by more than 10-20ø. In contrast to nitrogen, which is a trace element, hence sensitive to fluid processes, oxygen is a major supporting element of silicate minerals. 18 O values as the surrounding metagabbros suggests a local buffering by the metagabbros. Further supports for a local origin of the fluids arises from the large range of 18 O of the serpentinite veins, hence large heterogeneity of the veins, which is best accounted for by a relatively small-scale of isotopic equilibration. Involvement of a gabbroic component in the formation of the HP veins is also supported, although not demonstrated, by the trace element composition of the veins. As shown in Fig. 7 , the normalized trace element pattern of the Erro Tobbio HP veins display a positive Ti anomaly which is not present in the host HP serpentinites . This is best explained by the involvement of surrounding Fe-Ti metagabbros rather than a metasedimentary source. We conclude that the HP vein is probably not representative of the fluids released during mylonitization. In our view, the most likely explanation is that deformation is the key parameter to account for the negative correlation between water and nitrogen contents found in Fig. 2 . Increasing water content may have enhanced deformation, which in turn may have favored nitrogen released from the rock ''porosity'' or mineral structure depending on where nitrogen is localized in serpentinites. This model relies heavily on the assumption that available data on present-day altered peridotites from the SWIR could be extended to Alpine samples. Additional studies are required to test this hypothesis. The Erro Tobbio ultramafics studied here and associated metasediments from the Schistes Lustrés nappe investigated by Busigny et al. (2003a) can be considered as representative of processes active down to the depth locus of island arc magmatism (i.e. 90-100 km depth) in most modern subduction zones. Our nitrogen isotope analyses of serpentinites coupled with 18 O systematics suggest involvement of a mafic (crustal) component during partial deserpentinization of the subducted oceanic mantle at the depth locus of island arc magmatism. This does not necessarily imply large scale fluid fluxes as the metagabbros are spatially associated with the analyzed serpentinites. In contrast we rather infer preservation of presubduction chemical and isotopic heterogeneities on a local scale as documented in Alpine metasediments (Busigny et al., 2003a) and in mafic protoliths (e.g., Philippot, 1993; Barnicoat and Cartwright, 1995; Scambelluri and Philippot, 2001) . The HP vein contains metamorphic olivine that formed at the expense of antigorite at a minimum pressure of about 2.5 GPa. This indicates that nitrogen could be recycled continuously into newly formed HP minerals during subduction to great depth, hence supporting the notion that nitrogen stored in ultramafic rocks could be subducted far deeper than the depth locus of island arc magmatism.
The role of serpentinites in recycling nitrogen and other volatiles in subduction zones remains largely unknown due to large uncertainties in estimating the degree of serpentinization of the oceanic lithosphere (Mével, 2003) . In fast spreading ridges, most evidence suggests that the crust is layered and consists of extrusive basalts, a dike complex and a massive gabbro layer overlying mantle peridotites, with little evidence of serpentinized peridotites. In contrast, Cannat et al. (1995) suggested that exposure of serpentinites could represent 20% of the seafloor, that is Oxygen and nitrogen isotopes as tracers of fluid activitiesabout 5-15% in volume of the crust for low spreading rates. In modern environments, considering the vast extension of fast spreading ridges compared to slow and ultraslow spreading ridges suggests that the degree of serpentinization should not exceed a few % of the lithosphere (Mével, pers. comm.) . Estimated fluxes of basalts and gabbros are of the order of 2.0Â10 16 and 4.0Â10 16 g=yr, respectively (Peacock, 1990) . Considering that serpentinized peridotites represent 5% at most of the oceanic lithosphere leads to a flux of serpentinites of about 3.0Â10 15 g=yr. Considering a mean nitrogen concentration of 3.2 ppm for serpentinites results in nitrogen flux estimates of about 9Â10 9 g=yr. This value is 2 orders of magnitude lower than the sedimentary nitrogen flux (7.2Â10 11 g=yr, Busigny et al., 2003a) , thus suggesting that the contribution of serpentinized peridotites to the nitrogen budget is minor compared to that of sediments and mafic rocks. Clearly, additional constraints on the degree of serpentinization of the oceanic lithosphere are needed to test this hypothesis.
